Lead exposure is associated with a wide range of adverse effects on human health. The principal exposure route in the general population is through the diet. In this study, we estimate the dietary lead intake and associated health risks among the residents of Guangzhou, China. Data on lead concentrations were derived from the food safety risk monitoring system, which included 6339 samples from 27 food categories collected in 2014-2017. Food consumption data were taken from a 2011 dietary survey of 2960 Guangzhou residents from 998 households. Dietary lead intake was estimated by age group (3-6, 7-17, 18-59, and ≥60 years), and relevant health risks were assessed using the margin of exposure (MOE) method. The mean and 95th percentiles (P95) of dietary lead intake were respectively 0.7466 and 2.4525 µg/kg body weight per day for preschool children aged 3-6 years; 0.4739 and 1.5522 µg/kg bw/day for school children aged 7-17 years; 0.3759 and 1.1832 µg/kg bw/day for adults aged 18-59 years; and 0.4031 and 1.3589 µg/kg bw/day for adults aged ≥60 years. The MOE value was less than 1 for preschool children at the mean exposure level and for all age groups at the P95 exposure level. Rice and its products, leafy vegetables, and wheat flour and its products were found to be the primary food sources of lead exposure. Our findings suggest that the health risk from dietary lead exposure is low for Guangzhou residents overall, but that young children and consumers of certain foods may be at increased risk. Continued efforts are needed to reduce the dietary lead exposure in Guangzhou.
Introduction
Lead is a heavy metal that is naturally present in the Earth's crust. High levels of lead in the environment are primarily due to anthropogenic factors such as mining and smelting, battery manufacturing, recycling of waste batteries, burning of coal, and use of leaded petrol, leaded paints, and lead piping [1, 2] . The level of lead in the environment has risen by more than 1000 times over the last three centuries due to human activity [3] . Lead has a long history in China, which is now the world's largest producer and consumer of lead. Environmental lead pollution has become a serious problem due to the outdated production technologies in some small lead processing plants [1, 4] . The Chinese government has already taken note of the severity of this situation and has adopted a series of measures to reduce lead levels. For example, the sale and use of leaded gasoline have been banned nationwide since 1 July 2000 [5] , and lead standards were implemented in 2002 and 2004 for first time to assess the health risks of dietary lead exposure in their 23rd total diet study [33] . In China, in 2012, Li et al. adopted the same method to evaluate the health risk of dietary lead exposure in the Chinese population [34] .
Guangzhou, the capital of Guangdong province, is a large and densely populated coastal city. Because of the city's proximity to the sea, local residents consume a relatively large amount of seafood, which usually contains high levels of heavy metals [35] . In 2008, the detection rate of lead in food in Guangzhou was 76.68%, with 8.29% exceeding standard rates [36] . In light of the high levels of lead in food in Guangzhou and the adverse effects of lead exposure on human health, it is essential to carry out a dietary exposure assessment for Guangzhou residents. However, health risks associated with such exposure in Guangzhou residents are currently not known. In general, dietary lead intake is related to age, with higher exposure levels in children than in other age groups since children consume more food per unit of body weight than the general adult population [37, 38] . In view of the special food consumption patterns and the unique vulnerabilities of children, lead exposure in children is of particular concern. The objectives of this study were: (1) to estimate the dietary intake of lead in relation to age in Guangzhou, (2) to assess the corresponding health risks to the population using the MOE method, and (3) to identify the major contributing food categories to total lead exposure.
Materials and Methods

Chemicals and Instruments
This study was approved by the Research Ethics Committee from the Guangzhou Center for Disease Control and Prevention, Guangdong, China. Informed consent was obtained from all participants. The ultrapure water (resistivity 18.2 MΩ·cm) used in sample and solution preparation was obtained using a Milli-Q water purification system (Millipore Synergy, Carrollton, GA, USA). The nitric acid and 30% hydrogen peroxide used in this study were of ultrapure grade. Lead contents were determined by an inductively coupled plasma mass spectrometer equipped with collision cells (Agilent 7700 Series, Tokyo, Japan) operating with high-purity argon (99.999%, Guangzhou Air Plant, Guangzhou, China). The sample introduction system was composed of a quartz cyclonic spray chamber and a micromist nebulizer connected by Tygon ® tubes to the peristaltic pump of the inductively coupled plasma-mass spectrometry (ICP-MS, Agilent, Tokyo, Japan).
Food Sampling
Data on lead concentrations were derived from chemical pollutant surveillance data from the food safety risk monitoring system in Guangzhou that were obtained from 2014 to 2017. Samples were collected using a multistage-stratified sampling method from 12 districts of Guangzhou. Further details on data collection are available in the National Food Safety Risk monitoring manual [39] . Three streets were randomly selected in each district as monitoring sites. At each monitoring site, investigators, acting as consumers, purchased food samples from retailers including supermarkets, restaurants, agricultural product wholesale markets, and stores. A total of 6339 food samples were collected. The main food categories were rice and its products, wheat flour and its products, beans and its products, meat and its products, milk and dairy products, eggs and their products, vegetables, fruits, aquatic products, edible fungi, and algae. Samples were placed in sealed plastic bags and sent to the laboratory as soon as possible for cryopreservation until digestion.
Analytical Procedure
Food samples (0.3-0.8 g, accurate to 0.001 g) were weighed and placed in a PFA digestion vessel, and 5 mL of nitric acid and 2 mL of 30% hydrogen peroxide were then added. The vessel was placed inside a microwave decomposition system (MILESTONE ETHOS ONE, Bergamo, Italy), and decomposition was carried out according to the following program: (1) 120 • C (power 1000 W) for 5 min, (2) 150 • C (1000 W) for 10 min, (3) 190 • C (1000 W) for 20 min, and (4) 0 • C (0 W) for 20 min.
The solutions were then left to cool down, and the volume was expanded to 25 mL with ultrapure water. At the same time, blank and reference tests were prepared. The ICP-MS settings and other operating conditions for the analysis are shown in Table 1 . 
Quality Assurance
Lead reference materials were certified as heavy metals and granted certificates by the Chinese scientific community. All vessels were soaked in a nitric solution (nitric acid: ultrapure water = 1:9) for 24 h and then rinsed with ultrapure water. National first-level standard material (GBW10035; Pb, Cd, and Cr in wheat powder, Chinese Academy of Geographical Sciences, Beijing, China; 1.63 ± 0.03 mg/kg for Pb) was used to determine quality assurance during the lead detection process. The results had a deviation of <5% from the GBW10035 wheat powder certified values. The limit of detection (LOD) for lead was 0.003 mg/kg, and the limit of quantification (LOQ) was 0.01 mg/kg. The percentage recovery of lead ranged from 85.2% to 108.7%.
Food Consumption Data
Food consumption data were sourced from a 2011 dietary survey of Guangzhou residents [40] . Dietary consumption information and general demographic information, including gender, age, occupation, and other characteristics, were collected for each respondent. A total of 2960 residents from 998 households were surveyed and 24-h dietary recalls were conducted on 3 consecutive days (two weekdays and one weekend day, holidays excluded). For those younger than 7 or older than 75 years of age, dietary information was obtained from adult family members. Among the respondents, 1416 were male (47.8%) and 1544 were female (52.2%); 1739 were from urban areas (58.8%) and 1221 were from suburban areas (41.2%). The sample included 253 preschool children aged 3-6 years (8.6%), 583 school children aged 7-17 years (19.7%), 1966 adults aged 18-59 years (66.4%), and 158 adults aged ≥60 years (5.3%).
Intake Calculation
Dietary lead intake was assessed using the point estimate method, as recommended by the FAO/WHO [41] . Total dietary lead intake was calculated by combining the fixed food consumption (such as the mean consumption or high consumption) with the fixed lead concentration in each food (here referred to as the mean concentration), and then summing the respective intakes from each food group. The following formula was used:
where Exp (µg/kg bw/day) is the daily dietary lead intake of the studied population; Xk is the daily consumption of food k; Ck is the mean concentration of lead in food k, with non-detected results assigned to half the LOD, as recommended by the WHO [42] ; W is the average body weight of the studied population; and n is the total number of food groups consumed. The mean lead exposure and P95 (95th percentile) exposure were calculated for the overall study population and subgroups. The contribution of each food group to the total mean dietary lead intake was calculated for each age group.
Risk Assessment
As described above, there is no health-based guidance value for lead. Therefore, the MOE approach was used to assess the health risks of dietary lead exposure. The MOE is defined as the ratios of the observable effect level (e.g., the no observed adverse effect level (NOAEL) or benchmark dose lower bound (BMDL)) on the dose-response curve to the critical effect and the exposure level of the population. The European Food Safety Authority (EFSA) recommended using the benchmark dose (BMD) to obtain the MOE [31, 43] , i.e., MOE = BMDL/EXP. An MOE of less than 1 indicates a high health risk, whereas a MOE of greater than 1 indicates an acceptably low risk [44, 45] .
Both the JECFA and EFSA identified developmental neurotoxicity (IQ decrease) in young children and cardiovascular effects (SBP increase) in adults as the critical adverse effects of lead that could be used for risk assessment. In 2010, the JECFA concluded that a dietary exposure level of 1.2 µg/kg bw/day is associated with a population increase in SBP of 1 mmHg in adults, whereas dietary exposure of 0.6 µg/kg bw/day is associated with a population decrease of 1 IQ point in children. These dose estimates are not health-based guidance values, but rather levels below which the health risk is considered to be acceptably low.
Statistical Analysis
Microsoft Excel 2007 and IBM SPSS 20.0 (IBM Corp, Armonk, NY, USA) were used for the data summary and statistical analysis.
Results
Contaminant Monitoring and Food Consumption Data
Lead concentrations were below the LOD in 28.4% of the 6339 food samples, yielding a detection rate of 71.6%. Among the 27 food groups, the foods with the highest detectable rates of lead were meat products (100%), root and tuber vegetables (100%), dried seafood (100%), edible fungi (100%), and mollusks (99.7%). Milk and milk powder had low detection rates (3.4% and 22.8%, respectively), and detection rates in the remaining foods ranged from 57.6% to 89.3%. The mean concentration of lead in the 6339 samples was 0.0443 mg/kg, and the median and P95 values were 0.0130 and 0.1710 mg/kg, respectively. The food group with the highest average concentration of lead was algae (dry) (0.3947 mg/kg), followed by dried seafood (0.3219 mg/kg), mollusks (0.1384 mg/kg), edible fungi (0.0729 mg/kg), wheat flour and its products (0.0509 mg/kg), bulb vegetables (0.0505 mg/kg), meat products (0.0394 mg/kg), leafy vegetables (0.0354 mg/kg), rice and its products (0.0341 mg/kg), and preserved eggs (0.0341 mg/kg). Lead concentrations in all other food categories were lower than 0.02 mg/kg, with the lowest concentrations found in milk (0.0036 mg/kg) and milk powder (0.0071 mg/kg) ( Table 2) .
Among preschool children, the food with the highest average consumption was milk, followed by rice and its products, wheat flour and its products, leafy vegetables, pork, and fruiting vegetables. In all other age groups, the food group with the highest average consumption was rice and its products, followed by leafy vegetables, wheat flour and its products (including products with fillings), pork, and fruiting vegetables ( Figure 1 ). The portion of the population in the 95th percentile of food consumption had more than twice the average consumption, and this phenomenon was more evident for foods with lower overall consumption levels, but for some foods with extremely low consumption, the consumption in the 95th percentile was zero (Appendix A). 
Dietary Lead Exposure and Risk Assessment
The mean dietary lead exposure in the overall population was 0.4033 µg/kg bw/day, with mean exposure values of 0.7466, 0.4739, 0.3759, and 0.4031 µg/kg bw/day in those aged 3-6, 7-17, 18-59, and ≥60 years, respectively. The 95th percentile of dietary lead exposure was 1.3049 µg/kg bw/day in the overall population and 2.4525, 1.5522, 1.1832, and 1.3589 µg/kg bw/day in the four age groups, respectively. As can be seen from the results, dietary lead exposure varied by age, with the highest exposure levels seen in young children. Lead intake decreased with increasing age, but a rising trend was observed for intake in the elderly (Table 3) .
On the basis of BMDLs of 1.2 µg/kg bw/day for adults and 0.6 µg/kg bw/day for children, MOE values were calculated for each age group at the mean and 95th percentile exposure levels. These MOEs were 0.8 and 0.2 for preschool children, 1.3 and 0.4 for school children, 3.2 and 1.0 for adults, and 3.0 and 0.9 for the seniors, respectively. At mean exposure levels, the MOE values for all age groups were greater than 1 and less than 4, except in preschool children, for whom the MOE values were less than 1. The MOE value at the 95th percentile exposure level was less than or equal to 1 in all age groups. These findings indicate a low health risk of dietary lead exposure for Guangzhou residents as a whole, but high risk for young children and consumers of foods with high lead concentrations ( Table 4 ).
Contributions of Different Food Groups to the Mean Lead Exposure
The contribution of each food category to the total dietary lead intake is shown in Table 3 . In Figure 2 , all food groups contributing less than 3% of lead exposure are merged into one group named "others". The largest food sources of lead intake were found to be rice and rice products, leafy vegetables, and wheat flour and products, which together contributed 53.18% of the total lead intake in the overall population (48.73% for preschool children, 51.36% for school children, 53.90% for adults, and 53.60% for seniors). In addition to these three food groups, pork, fruit, algae, fruiting vegetables, and other flour products were also found to be significant dietary sources of lead exposure, with contributions varying by population age group. It is worth noting that young children and the elderly, both vulnerable groups, showed significant differences from the other age groups in terms of the contribution rate of several foods to dietary lead exposure. Although the contribution of leafy vegetables in preschool children was 16.78%, it was still lower than in the other age groups. Conversely, the contribution of fruits in preschool children (5.29%) was higher than that in all other age groups (≤3.78%). The most striking difference between the elderly and other age groups was the relatively high contribution of algae and edible fungi to dietary lead exposure in those aged ≥60 years. Algae contributed 7.07% to dietary lead exposure in this age group, compared to less than 5% in all other age groups. 
Discussion
Among all food categories, the highest lead concentrations in Guangzhou were found in algae (dry), followed by dried seafood and mollusks. These patterns were different from those observed in Guangdong province [46] and Shenzhen city [47] , where preserved eggs had the highest lead levels. One possible reason for the relatively low lead concentration in preserved eggs in our study was a reform of the production process for preserved eggs involving the replacement of lead oxide with zinc oxide in the process of soaking eggs with feed liquid. The mean lead concentration in rice and its products, the staple food and main energy source for the vast majority of residents in Guangzhou, was 0.0341 mg/kg. This was lower than the levels reported in Guangdong province (0.0495 mg/kg) [46] and Shanghai (0.071 mg/kg) [48] , but higher than those reported in Shenzhen (0.018 mg/kg) [49] .
Dietary lead intake is dependent on both the concentration of lead in food and the amount of food consumed. In this study, lead intake was calculated using available food consumption data and food lead concentration data. As children form a special population whose food consumption patterns differ from those in other age groups, we carried out separate exposure assessments by age group. Studies similar to ours have been conducted in other parts of China. Sun et al. [50] estimated the dietary intake of lead in Jiangsu Province using the diary study method and found a mean intake of 2.75 μg/kg bw/day for children aged 2-6 years and 1.55 μg/kg bw/day for the general population. Jin et al. [44] re-estimated the dietary lead exposure in Jiangsu using new contaminant surveillance data, and their results indicated a dietary lead intake of 3.019 μg/kg bw/day in children aged 2-6 years and 1.742 μg/kg bw/day in the general population. Fan et al. [51] reported dietary lead exposure values for children aged 2-6 years and for the general population in Shaoxing of 1.87 and 1.14 μg/kg bw/day, respectively. In our study, the mean dietary lead exposure was 0.7466 for children aged 3-6 years and 0.4033 μg/kg bw/day for the general population. These values are substantially lower than those reported in the other studies described above. 
Dietary lead intake is dependent on both the concentration of lead in food and the amount of food consumed. In this study, lead intake was calculated using available food consumption data and food lead concentration data. As children form a special population whose food consumption patterns differ from those in other age groups, we carried out separate exposure assessments by age group. Studies similar to ours have been conducted in other parts of China. Sun et al. [50] estimated the dietary intake of lead in Jiangsu Province using the diary study method and found a mean intake of 2.75 µg/kg bw/day for children aged 2-6 years and 1.55 µg/kg bw/day for the general population. Jin et al. [44] re-estimated the dietary lead exposure in Jiangsu using new contaminant surveillance data, and their results indicated a dietary lead intake of 3.019 µg/kg bw/day in children aged 2-6 years and 1.742 µg/kg bw/day in the general population. Fan et al. [51] reported dietary lead exposure values for children aged 2-6 years and for the general population in Shaoxing of 1.87 and 1.14 µg/kg bw/day, respectively. In our study, the mean dietary lead exposure was 0.7466 for children aged 3-6 years and 0.4033 µg/kg bw/day for the general population. These values are substantially lower than those reported in the other studies described above.
Generally, a total diet study (TDS) using mean food consumption and mean contaminant concentration provides a point estimate of dietary exposure that is comparable to the mean estimate from a food diary study [52] . Therefore, in addition to comparing our results with those obtained elsewhere using the same research method, we compared the mean values with the results from the TDS ( Table 5 ). The dietary lead intake in Guangzhou city was lower than that in Shenzhen city [47] , which is near Guangzhou and has a similar geographical environment. According to 2007 TDS data from China, the dietary intake of lead was 2.54 µg/kg bw/day for children 2-7 years old, 1.73 µg/kg bw/day for adults aged 20-50 years old, and 1.52 µg/kg bw/day for adults aged over 65 [34] . These values are higher than the dietary lead intake values found in our study. This discrepancy may be due to measures taken by the Chinese government since 2007 to reduce environmental lead pollution. Hong Kong, a coastal city in the southeast of China, is also adjacent to Guangzhou. In 2014, Chen et al. [53] estimated the dietary lead intake among adults in this region using the TDS method and reported a mean intake of 0.21 µg/kg bw/day, which is substantially lower than that found in our study. The dietary lead intake in Guangzhou was close to or higher than that found in several other countries [33, 38, 45, [54] [55] [56] , but was lower than that observed in Eastern Poland [57] , Serbia [58] , and Italy [59] . It is important to note, however, that such comparisons should be interpreted cautiously because of differences in survey timing, food consumption patterns, research methodology, the age range of the studied population, the food categories included, the methods used to collect consumption data and to analyze contaminants, and other differences between studies.
Our study isolated the elderly from the entire population for a separate dietary exposure assessment. This method was relatively novel, as most other studies have classified the elderly with other adults. The mean intake of lead in the elderly (0.4031 µg/kg bw/day) was slightly higher than that in adults (0.3759 µg/kg bw/day). Possible reasons for this discrepancy include: (1) the average food consumption on the basis of per unit of body weight of the seniors being greater than that of adults; and (2) that the elderly were consuming more food containing a high concentration of lead, such as algae and edible fungi. In our study, the MOE values for the average dietary lead exposure were 0.8 for 3-6 years, 1.3 for 7-17 years, 3.2 for 18-59 years, and 3.0 for ≥60 years. A dietary lead exposure assessment in the Chinese population conducted by Li et al. yielded MOE values of 0.1 for those aged 2-12 years, 0.7 for those aged 13-19 years, and 0.7-0.9 for those at least 20 years of age [34] . For the residents of Jiangsu province, the MOE values for the mean lead exposure were found to be 0.272 for those aged 2-6 years and 1.031 for those aged 18-80 years [44] . The MOE values of dietary lead exposure in Shaoxing were found to be 0.32-0.35 for those aged 2-6 years, 0.49-0.59 for those aged 7-17 years, and 1.3-1.7 for those aged ≥18 years [51] . The MOE values at the mean lead exposure level in the Australian population were found to be 1.1 for those aged 2-5 years, 1.7 for those aged 6-12 years, 10 for those aged 13-16 years, and 9.2 for those aged ≥17 years [33] . It can be seen from the above results that the MOE values in Guangzhou reported in the present study are larger than those reported for Jiangsu, Shaoxing, and China overall, but smaller than those reported for Australia. A higher MOE value indicates a lower health risk from exposure; thus, the health risk of dietary lead exposure for Guangzhou residents appears to be lower than that in Jiangsu, Shaoxing, and China overall, but higher than that in Australia. Based on the evaluation criteria of MOE, children and high food consumers in Guangzhou have a high health risk, while others have a low risk.
The principal food sources of lead for Guangzhou residents were found to be rice and its products, leafy vegetables, wheat flour and its products, pork, fruiting vegetables, algae, and fruits. This pattern is different from that observed in Shenzhen [47] , where the major food sources of lead were found to be eggs and egg products, fish and seafood and related products, vegetables and vegetable products, and meat and meat products. The amount of algae consumed was very small in most areas, and algae were therefore not included in these studies. However, due to the unique geographical location of Guangzhou, seafood such as algae is easily available to residents and is a popular food. Accordingly, algae were consumed far more frequently in Guangzhou than in other areas in China such as Shaoxing [51] . Our results indicate that lead intake from algae cannot be ignored in the Guangzhou region, especially among elderly residents, for whom the contribution rate of algae to the total dietary lead intake was found to be 7.07%. 
Conclusions
This study is the first to systematically evaluate dietary lead exposure by age group in Guangzhou. Rice and rice products, leafy vegetables, and wheat flour and its products were found to be the largest food sources of lead intake, followed by pork, fruiting vegetables, algae, and fruit. The health risks of dietary lead exposure were measured using the MOE approach. The MOE was less than 1 for young children and for individuals with high consumption levels of certain food groups, while it was greater than 1 for the rest of the population. Accordingly, the health risk associated with dietary lead exposure is low for the majority of the population in Guangzhou, but there are high risks for young children and consumers of foods with high lead content. Efforts are still needed to reduce lead exposure. This study provides a preliminarily assessment of dietary lead exposure in Guangzhou using the point evaluation method. However, because of differences in food consumption and body weight between individuals, a more accurate probabilistic approach is needed to further characterize dietary lead exposure in this population. Furthermore, the use of food consumption data collected over a three-day period may not accurately reflect the dietary habits of residents, and dietary data collected over a longer time period and across multiple seasons would provide a more accurate measure of dietary intake and corresponding lead exposure. Finally, the dietary survey was performed before the assessment of lead content in food, and food consumption in 2011 may not be exactly equal to consumption in 2014-2017, which may have added bias to the results. However, dietary intake patterns tend to be relatively stable over time, and dietary intake data from 2011 therefore likely provided an accurate proxy for food consumption in 2014-2017. 
